Comminuted fractures of the mandible are an important traumatism, in which the mandibular bone is splintered or crushed. Treatment of these types of fractures had always been a challenge to surgeons, considering both the severity of the trauma and the presence of discontinuity defects which require replacement and augmentation in order to treat the bone loss. Titanium mesh was proved to be particularly useful for reconstruction of mandibular discontinuity defects also it can be used as a scaffold for bone grafts. Electrophoretic deposition (EPD) is a coating technique used to increase the osseointegration and increases bone regeneration. OBJECTIVES: To histologically evaluate the effect of titanium mesh coated with hydroxyapatite nanocrystals using electrophoretic deposition on bone osseointegration and healing following comminuted mandibular fractures.
INTRODUCTION
Mandibular fractures have a high incidence because of the mandible's prominence and relative lack of support. They present a unique problem to the oral surgeon and necessitate prompt treatment. In some cases of mandibular fractures, bone defects may be present which require replacement and augmentation in order to treat the bone loss (1, 2) .
Comminuted mandibular fractures result from a significant impact to a localized area of the oromandibular complex, in which the mandibular bone is splintered, crushed, pulverized, or broken into several pieces (3). Finn (4) earlier defined comminution as the presence of multiple fracture lines creating many small pieces of bone in the same region of the mandible (i.e. the angle, body, ramus, or symphysis). After assessing and stabilizing any lifethreatening condition, careful clinical assessment of the oromandibular complex is essential (3) (4) (5) .
In comminuted fractures it was found that closed reduction is extremely difficult. The fragments must be exactly reduced, and the plate must be adapted exactly (6) , and this was found to be quite tedious and require great precision. So, titanium mesh which is one of the methods of treatment of comminuted fractures proved to be particularly useful for reconstruction of mandibular discontinuity defects. It permits functionally and aesthetically satisfactory restoration of bony continuity regardless of size or site of the defect (7) (8) (9) .
Hydroxyapatite is a bioactive material that has shown the ability for better bone bonding due to formation of a surface calcium phosphate layer in contact with biological fluids (10) . Pure HA has poor mechanical properties, hence, it has been used as coatings on the surface of metallic materials in order to combine the strength and toughness of the substrate with the bioactivity of HA. It has also been suggested that the application of HA coatings will improve corrosion resistance of metal and reduce metallic ion release at the same time as promoting its bone bonding ability (11) (12) (13) (14) (15) .
Nanocrystalline hydroxyapatite bone graft has been introduced for augmentation procedures in intrabony defects.
Its advantages are osteoconductivity, bioresorbablity, and close contact. Typical description of materials with nanostructures is a very high number of molecules on the surface of the material. When used as a bone graft substitute, rapid healing of critical size defects was observed in animal experiments and in human applications (16) . HA nanocrystals binds to bone and stimulates bone healing by stimulation of osteoblast activity. It has been used in ridge augmentation, and periimplantitis (17) (18) (19) .
Many coating techniques have been investigated in order to deposit HA nanocrystals on the surface of metallic substrates including plasma spraying, sol-gel, ion beam dynamic mixing and pulse laser deposition. However, there are many limitations in such techniques which include nonuniform coating formation over geometrically complex surfaces, thermal decomposition of HA during the high temperature process, sluggishness of the process, low crystallinity and poor adhesion of the coating on the substrates (15) . Therefore, there has been an increasing interest in the application of other techniques in recent years, such as, electrophoretic deposition (EPD) process (15) .
EPD is a rapid and inexpensive method that exhibits some advantages over the alternative processes. Some of these advantages are simplicity of the method, high reproducibility, control over the thickness of the coating, low temperature, ability to produce a composite layer and finally applicability for medical purposes (20, 21) . EPD is used in surgery mostly in coating of titanium substrates using HA as titanium implants to increase the osseointegration and contact between bone and the implant, also it was found to coat titanium plates with HA which provide more biocompatibility of titanium plates and increases bone regeneration (20) .
Although many researchers studied the effect of electrophoretic deposition of HA on titanium plates (10, 12, 20) and titanium implants (21) no researches were found on its effect on titanium mesh. Therefore, this study was designed to evaluate the effect of coating of titanium mesh by hydroxyapatite nanocrystals using electrophoretic deposition in an induced mandibular fracture.
MATERIALS AND METHODS
This experimental study was conducted on 12 mongrel dogs; (1-2 years of age) and (10-12 Kg) in weight. The animals were kept under proper nutritional and environmental conditions in the animal house of the Medical Research Institute (MRI), Alexandria University. They were examined by the animal house veterinarian to exclude any disease and were kept on the same balanced diet consisting of milk and broth throughout the whole period.
Dogs were divided into a study group which included six dogs, where they received a titanium mesh coated with hydroxyapatite nanocrystals for the treatment of an induced triangular comminuted mandibular fracture. The control group included six dogs that received an uncoated titanium mesh for the treatment of an induced triangular comminuted mandibular fracture of 2 cm height and 3.5 cm width extending from the 2 nd premolar to the 2 nd molar. The Ethical committee of Alexandria University approved the protocol of this research. The guidelines for the care and use of experimental animals according to the institution in which the work was done were followed.
Preparation of the titanium mesh:
The titanium mesh was coated with hydroxyapatite nanocrystals at the Chemistry Laboratories, Faculty of Engineering, Alexandria University using electrophoretic deposition (EPD) and the natural nano-hydroxyapatite was prepared in the Biomaterial Department, National Research Center, Cairo Egypt.
Commercially available titanium mesh of thickness 1mm were cut to a triangular shape of 2.5 cm height and 4 cm width. The titanium mesh was cleaned with ethanol. After the cleaning process, the plates were immersed in pure butanol (El-Nasr pharmaceutical chemical company, Alexandria Egypt) for 24 hours. A 5% (wt /wt) suspension was prepared from natural nano-hydroxyapatite.
The natural nanohydroxyapatite ranged from 10-60 nm and porosity 60-80 %. 5g nano-hydroxyapatite was mixed with pure butanol. The suspension was ultrasonicated for one hour to avoid air bubbles. The EPD process was performed in a glass beaker equipped with a holder to fix the electrodes. The platinum counter electrode and titanium samples were used as anode and cathode, respectively.
The coated titanium mesh was sintered in a ventilated oven at 1000˚C for 6 hours, then the samples were surface characterized using scanning electron microscope (SEM). The samples were sterilized in the Nuclear energy organization, Cairo, by gamma radiation at 2.5 M rad before using the samples in our study. (Fig.1 
Pre-operative phase:
The animals were starved for 12 hours and thirsted for 6 hours prior to anesthesia. Each animal received a dose of ampicillin 25mg/kg body weight (Epicocillin, provided by: Eipico Pharmaceutical Co., 10th of ramadan city, Cairo Egypt) just before the operation to control post-operative infection. Surgical procedure: All dogs received general anesthesia using intravenous injection of thiopentone sodium (Pentothal, provided by: Glazer Exports Co. Dinshaw Waschha,India) 5% in a dose of 30 mg/kg body weight. Injection of the anesthetic drug was performed after aspiration to assure correct identification of the femoral vein via an 18-gauge medical cannula.
For all the experimental animals, a unilateral submandibular skin incision was performed measuring about 4 cm in length and one finger below and parallel to the lower border of the mandible, using Bard Parker scalpel handle no.3 and disposable blade No.10. Bone was exposed through careful blunt dissection of soft tissues.
An acrylic template was used to define the borders of the artificial fracture. An artificial triangular fracture extending from the 2 nd premolar to the 2 nd molar was created in the buccal aspect of the mandible at the level of the inferior border using a surgical bur. (Fig.2) The defect was created by removing the buccal cortex with dimensions of 2 cm height and 3.5 cm width. After the triangular defect was prepared, the buccal plate of the mandibular bone was removed using an osteotome then crushed into pieces using a bone rongeur. Finally, the fractured parts were reassembled in the defect resembling a comminuted fracture with bony defects.
In the Study group the titanium mesh coated with hydroxyapatite nanocrystals was fixed using 2 screws of 7mm long. In the control group the uncoated titanium mesh was fixed using 2 titanium screws of 7mm long All the surgical sites were closed in layers using 3-0 vicryl (Resorbable suture material by Johnson & Johnson Int., CO Center, Belgium) suture material for the deep layers, and 3/0 black silk suture for the skin incision. (Fig.3 
Post-operative phase:
After the surgical procedure, each animal received the same course of antibiotics of ampicillin 25mg/kg body weight for five days every eight hours. Ketorolac tromethamine (ketolac by El-Amryia CompanyAlexandria, Egypt)1mg/kg subcutaneous injection every 24 hours was given as an analgesic and anti-inflammatory drug to the animals for 3 days post-operatively.Glucose water was given to the animals on the first post-operative day. Then the animals were kept on soft diet consisting of bread, milk and broth on the first four weeks post-operatively.
Histological specimens:
Two specimens from each group were harvested 2, 4 and 6 weeks from the initial surgery. The site of bone fractures was resected en bloc to be prepared for histologic examination. The preparation of the undecalcified histological sections was performed.
RESULTS

Clinical results:
Clinically the dogs showed normal healing of the incision without any infection, dehiscence or any other complication. Also, the dogs showed normal activity and normal feeding habits. Histological results: After two weeks: Histological examination of specimens obtained from the control group revealed woven bone formation with many spicules filling the fracture site and osteocytes lacunae were seen in large numbers and irregularly arranged. In the study group, two outstanding observations were noted. The first one was the thickness of the newly formed bone trabeculae which appeared relatively thick in comparison to those of the control group. The second observation was the homogenous mineralization of the newly deposited bone matrix.
After four weeks:
In the 4 weeks' specimens no major difference was found as both the study group and the control group showed formation of cancellous bone trabeculae enclosing bone marrow of different sizes, also osteocyte lacunae were found with relatively regular distribution in some specimens and irregular distribution in others.
After six weeks:
The 6 weeks' control group specimens showed cancellous bone formation, while in the 6 weeks' study group, some specimens showed mature lamellar bone formation, dense cancellous bone trabeculae enclosing bone marrow spaces of different sizes and in some of the 6 weeks' study specimens dense compact bone in the fracture defect areas was found and the dense compact was found having centrally located Haversian canals and concentric lamellae. (Fig. 4-6) 
DISCUSSION
Reconstruction of maxillofacial continuity defects has always been a challenging task for the scientists and surgeons over the years. The main goal of the reconstruction of the maxillofacial region is to restore facial form, function, full rehabilitation of occlusion and articulation (22) .
The present study was conducted to compare the effect of titanium mesh coated with hydroxyapatite nanocrystals and uncoated titanium mesh on bone healing of surgically created osseous defects in dogs. The dogs were divided equally into two groups; a control group, where osseous defects resembling a comminuted fracture were created and stabilized using uncoated titanium mesh, while in the study group, the created comminuted fractures were stabilized using titanium mesh coated with hydroxyapatite nanocrystals.
Titanium mesh was used in this study for stabilization of comminuted fractures. This follows the study conducted by Patel and Langdon in 1991 (23) , where they stated that the use of titanium mesh to treat comminuted fractures has proved itself invaluable. The mesh can be placed transorally or extra-orally depending on the size and shape of the mesh and the degree of comminution of the bone, it has excellent biocompatibility and generates minimal inflammatory reaction (24) . Although titanium (Ti) and its alloys is the most widely used material in dentistry, their good biocompatibility, good resistance to corrosion, excellent mechanical properties, and workability, are their main advantages (25) , but one of its main disadvantages is its disability to create a bond between it and the living host tissue (26) .
So, one of the major innovations in bone reconstruction in the past 30 years has been applying HA as a surface coating on mechanically strong metallic implants such as titanium implants and its alloys, in an attempt to improve bone fixation to the implant (27) .
Two studies performed by Gotz et al (28) in 2010 and Gerber et al (29) in 2012 regarding HA nanocrystals reported that the nano-hydroxyapatite has been used as an additive material, in order to improve already existing and widely used dental materials, in the restorative field, because of its unique properties, such as the ability to chemically bond to bone, to not induce toxicity or inflammation and to stimulate bone growth through a direct action on osteoblasts, nano-HA has been widely used in periodontology and in oral and maxillofacial surgery. Electrophoretic deposition (EPD) was the coating method of choice as it has some advantages over other techniques as reported by Boccaccini et al in 2010 (30) , including its short coating time (2-3 min), high reproducibility, repeatable, inexpensive and ensure rapidity of the process. This technique additionally enables controlling the coating thickness, its uniformity and deposition rate.
According to Lacefield in 1998 (31) and Sena et al in 2002 (32) coating of biologically inert metallic implants with biologically active materials, like hydroxyapatite, attempts to accelerate bone formation on initial stages of osseointegration, thus improving implant fixation. HA deposition by electrophoresis was described by Ducheyne and Qiu in 1999 (33) as the best technique to coat irregular surfaces.
The general outcome of this study was superior and faster bone healing and osteoblastic activity in the study group than in the control group. Also, there were no signs of infection, abnormal reaction or wound dehiscence in any of the dogs.
The histologic evaluation showed a definite difference between the 2 and 6 weeks' specimens of both the study and control groups, while in the 4 weeks' specimens the study and control groups showed no major differences between them.
These results are in accordance with Manjubala, et al in 2005 (34) , where they reported that complete Haversian system was observed after 12 weeks in a dog model. Therefore, finding the Haversian system after 6 weeks' study group proved that the HA nanocrystals coated titanium mesh placed in the resembling comminuted fracture in the experimental model accelerated and promoted healing of osseous defects by forming new bone through their osteoconductive and osteoinductive properties. These histological results proved that nanohydroxyapatite coated titanium mesh can be considered as an appropriate reconstructive and bone substitute material, and it can promote bone regeneration in bone defects due to its osteoconductive properties.
These results agreed with Yang et al (35) in 2010. They investigated bone formation on titanium implant surfaces coated with biomimetically deposited calcium phosphate (BDCaP) or electrochemically deposited hydroxyapatite (EDHA). Their histologic observation showed that new bone on the EDHA-coated implant became mature after 4 weeks, while new bone on the control and BDCaP-coated implants was mature after 8 weeks.
Finally, the formation of bone cells and the trabecular bone is an indication of the osteoconductivity of the material. It may be inferred that new osteoblast cells directly proliferating, differentiating, and creeping into the surface of the material filling the defect as an indication of osteoconduction and bonding them chemically to complete biological integration between materials and the existing bone.
CONCLUSIONS
This study demonstrated complete bone regeneration of comminuted fracture defects using titanium mesh coated with nano-hydroxyapatite by electrophoretic deposition after 6 weeks.
